Iron deficiency early in life results in neurocognitive deficits that persist into adulthood despite iron treatment. The hippocampus is particularly vulnerable to iron deficiency during the fetal and neonatal periods as evidenced by poorer hippocampus-mediated spatial recognition learning. However, the extent to which early iron deficiency alters interactions between hippocampus-based and extra-hippocampus based learning systems remains undetermined. The present study used an ambiguous maze-learning task to examine the learning process in iron sufficient young adult rats that had recovered from iron deficiency in the fetal and neonatal period. Animals were presented with a stimulus response-learning task in the context of spatial information; a procedure designed to elicit competition between dorsal striatum-and hippocampus-based systems respectively. Formerly iron deficient adult rats showed enhanced stimulus-response learning in the context of competing spatial/distal cue information, a finding suggestive of reduced hippocampal functional influence. The study provides evidence that early iron deficiency alters how different learning systems develop and ultimately interact in adulthood. The potential unbalancing of activity among major memory systems during early life has been postulated by others as a relevant factor underlying the developmental origins of certain psychiatric disorders.
Introduction
Iron deficiency during the fetal and neonatal periods is a consequence of common gestational conditions such as severe maternal iron deficiency, prematurity, gestational diabetes mellitus, intrauterine growth restriction secondary to maternal hypertension and maternal cigarette smoking (Siddappa et al., 2007; Rao and Georgieff, 2002) . Fetal and neonatal (perinatal) iron deficiency adversely affects neurodevelopment in humans, monkeys and rats (DeBoer et al., 2005; Beard et al., 2007; de Ungria et al., 2000; Felt et al., 2006; Georgieff, 2008; Lozoff et al., 2006; Golub et al., 2007) . Within the developing brain, the hippocampus appears particularly vulnerable to iron deficiency in this time period (Georgieff, 2008) . Hippocampus-mediated recognition memory is altered in iron-deficient (ID) human newborn infants (Siddappa et al., 2004) , a finding supported by rodent data that demonstrate that fetal/neonatal iron deficiency alters hippocampal energy metabolism, neurochemistry, neurotransmission and myelination (de Ungria et al., 2000; Rao et al., 2003 Rao et al., , 2011 , pyramidal neuron dendritic structure (Brunette et al., 2010) and electrophysiology (Jorgenson et al., 2005) . The neurocognitive deficits persist despite iron rehabilitation in humans (Lozoff et al., 2000; Riggins et al., 2009 ) and in rats (McEchron et al., 2008 (McEchron et al., , 2005 Schmidt et al., 2007; Youdim et al., 1989; Youdim and Topf, 2008) . Specifically, using the same dietary paradigm as in the current study, we have previously shown that formerly iron deficient rats make more errors and take more days to reach criteria on the win-shift task in the eight-arm radial arm maze during young adulthood. The findings suggest significant compromise of hippocampus-based spatial recognition memory during young adulthood (Schmidt et al., 2007) .
The hippocampus underlies recognition learning and memory functions in both humans and animals. In animals, the hippocampus plays a critical role in spatial learning by facilitating the formation of cognitive maps (Morris et al., 1982; Olton et al., 1979; White and McDonald, 2002) while structures such as the dorsal striatum and amygdala are critically involved in stimulus response learning and emotional learning respectively (Chorover and Gross, 1963; Davis, 1992; Divac, 1968; Kluver and Bucy, 1939; McDonald and White, 1993; White and McDonald, 2002) . In a previous study, we demonstrated that formerly ID rats took 33% longer to learn, and made 73% more errors compared to never ID controls, on the hippocampus-mediated win-shift task (Schmidt et al., 2007) . Conversely, they learned winstay and conditioned place preference tasks that recruit dorsal striatum and amygdala respectively as readily as control animals.
Although anatomic lesion studies can dissociate the functional contributions of the hippocampus, dorsal striatum, and amygdala to learning behaviors, these structures also acquire information in parallel and act in a cooperative/competitive arrangement within the intact animal (Packard et al., 1989; Packard and McGaugh, 1996; Poldrack and Packard, 2003) . While these systems operate concurrently, rats initially tend to rely more on a hippocampal strategy. For example, sham-lesioned animals initially preferred a hippocampus-based learning strategy in a "T-maze" task, but switched to a dorsal striatum-based strategy after further training. (McDonald and White, 1993; Packard and McGaugh, 1996; Packard and Knowlton, 2002; Poldrack and Packard, 2003; White and McDonald, 2002) . Conversely, Packard et al. (1989) found that fimbriafornix lesioned rats were more accurate than controls in a win-stay probe trial -suggesting that intact rats were inhibited by hippocampal interference conducted through the fimbria-fornix. Thus, an intact hippocampus appears to initially control behavioral responses, in part by attenuating acquisition of tasks that are primarily based in other neural circuitry.
Although our prior study demonstrated long-term perturbations in the acquisition of a hippocampus-mediated behavior in adult rats following perinatal iron deficiency, it did not clarify this deficit's impact on the function of other learning systems that depend on competition or cooperation with the hippocampus (Schmidt et al., 2007) . This issue was highlighted in a recent investigation showing paradoxically facilitated delayed alternation performance in formerly ID adult rats (Schmidt et al., 2010 ). The delayed alternation task recruits prefrontal systems, and the resulting facilitation in the formerly ID animals was interpreted as indirect evidence of hippocampal disruption as opposed to evidence of prefrontal facilitation per se. We hypothesized that animals with intact hippocampal function may have initially used an incorrect hippocampal strategy to solve the delayed alternation procedure. Conversely, formerly ID adult rats did not have to overcome hippocampal inhibition and solved the task more efficiently. Further, a mouse model that genetically targeted early iron deficiency solely to the hippocampus demonstrated alterations in the function of extrahippocampal structures and a disruption in the balance between memory systems .
The above studies hint at the potential for early iron deficiency altering the interaction between learning systems, but were either not initially intended to address this question or, in the case of Carlson et al. (2010) investigation, concerned genetically modified animals with permanent hippocampal iron deficiency whose patterns of behavior may not be directly applicable to a more natural circumstance such as dietary iron deficiency which was appropriately treated. The issue is important because other research suggests that even subtle changes in the balance between learning systems may have long-term repercussions for conditions such as learning disabilities and developmental psychopathology Insel et al., 2008; Schmidt et al., 2010) .
Using a dietary protocol that is intended to mimic the degree of iron deficiency found in relatively common human conditions such as prematurity, gestational diabetes mellitus, and intrauterine growth restriction and that is the same as that used in our previous investigations demonstrating morphological and physiological alterations in the hippocampus (Brunette et al., 2010; de Ungria et al., 2000; Jorgenson et al., 2005; Rao et al., 2003 Rao et al., , 2011 , we investigated how perinatal iron deficiency alters the balance between two distinct learning systems (i.e., based primarily in either hippocampus or striatum circuitry) in the adult animal. The present study uses an ambiguous win-stay procedure in which the rat is offered both proximal and distal cue information and must choose between competing strategies: the correct, rewarded proximal cue-based stimulus-response approach or an incorrect distal cue-based spatial learning approach. We reasoned that since stimulus response and spatial learning differentially recruit specific brain structures (e.g., striatum and hippocampus, respectively), it should be possible to determine whether the long-term negative effects on hippocampus function caused by perinatal iron deficiency (McEchron et al., 2005 (McEchron et al., , 2008 Schmidt et al., 2007; BenShachar et al., 1986; Youdim et al., 1989; Youdim and Topf, 2008) alters how these learning systems interact at adulthood. Reduced hippocampus output due to long term structural and neurochemical abnormalities in that region would be expected to tip the balance toward solving the ambiguous maze using a striatum-based cue-based strategy. Thus, we hypothesized that the long-term anatomic and electrophysiologic disruptions that characterize the formerly ID hippocampus (Jorgenson et al., 2005; Brunette et al., 2010) will enable formerly ID rats to acquire the ambiguous win-stay task more rapidly secondary to release of hippocampal inhibition.
Materials and methods
All procedures were approved by the Institutional Animal Care and Use Committee and complied with the National Institutes of Health policies on the use of animals in research.
Animal preparation
A total of 66 male Sprague-Dawley rats from 12 separate litters were used in this study. Pregnant SpragueDawley dams were purchased (Charles River Laboratories, Wilmington, MA) and housed individually in Plexiglas cages in a humidity-controlled room maintained at 20 • C. Seven dams were started on a low-iron diet [Formula TD 80396, Harlan-Teklad, Madison, WI; elemental iron concentration: 3-6 mg/kg] upon arrival on gestational day 2 as previously described (Rao et al., 2003) . This low-iron regimen continued throughout the rest of gestation until postnatal day P7, and was followed by an iron-supplemented diet (Teklad 4% Mouse/Rat Diet 7001, Harlan-Teklad; elemental iron concentration: 198 mg/kg) until the day of the experiments. This dietary model induces a similar degree of brain iron deficiency as found in humans (Petry et al., 1992; Rao et al., 2003) . Five dams were maintained on the iron-supplemented diet throughout gestation and postnatal periods to produce the control rats. Dams were allowed to deliver spontaneously and the litter size was limited to 8 by culling on P2. Some rats (5 per group) were killed on P7 to determine brain iron concentration. The rest were weaned on P21 to the ironsupplemented diet and allowed to reach adulthood. A total of 21 rats were used for blood and tissue iron assay. A separate set of 45 rats was studied using behavioral measures.
Determination of brain iron concentration
Rats (n = 5-7 per group on P7 and P56) were deeply anesthetized using sodium pentobarbital (100 mg/kg IP). A blood sample was collected for determining hematocrit before rats underwent in situ transcardial perfusion with normal saline. The brain was collected, flash frozen and stored at −80 • C. Brain water content was determined by weighing the brain before and after lyophilization for 72 h (Rao et al., 2003) . Brain iron concentration was assayed using atomic absorption spectroscopy and expressed as g of elemental iron per gram wet-tissue weight.
Behavioral testing 2.3.1. Apparatus
The radial arm maze consisted of an octagonal center platform (measuring 40 cm in diameter) and eight protruding arms, each measuring 50 cm × 11 cm. The entrance to each arm measured 23 cm high and sloped down to 3 cm to ensure visibility of extra-maze stimuli. At the end of each arm was a food well measuring 0.5 cm in diameter.
Procedure
The general procedure has been previously described and is briefly outlined here (Schmidt et al., 2007) . To ensure motivation to complete the task, rats were placed on a restricted diet from P56, which maintained their body weight at 80-85% of their prior weight for the rest of the study.
Two days prior to training, rats were placed in the maze for 5 min each day to habituate them to the environment. No arms were cued or baited during habituation. At this time, rats were also introduced to fruit punch-flavored pellets (45 mg, Research Diets Inc., New Brunswick, NJ) in their home cages.
The maze was intentionally located in a testing room containing numerous extra-maze cues such as posters, a cabinet, table, lamp and two experimenters. Training commenced at P65 and consisted of one trial per day. Four of the eight arms were randomly baited per trial, with no more than two consecutive arms baited. The configuration changed each day and was the same for every rat. Baited arms were marked by placing a 7.6 cm × 12.7 cm black and white-lined card at the entrance of the arm. Rats were placed in the center of the maze at the beginning of each trial. After retrieving the food reward from an arm, the arm was re-baited upon the rat's exit and the cue remained in place. When a rat retrieved a reward from an arm a second time, the cue was removed and the arm was not re-baited. The maze and cue cards were thoroughly cleaned to remove possible odor cues after each trial.
Entry into any non-cued arm (whether it had been previously baited) was considered an error. Each rat was given a maximum of 10 min to retrieve all eight rewards. Rats were trained daily until meeting criterion which was defined as retrieving all eight rewards and making two or fewer errors on two consecutive days of training. All rats successfully met the criterion.
Statistical analysis
Data were statistically analyzed using independent samples t tests. For behavioral tests, the days to criterion, the number of errors before reaching criterion, the types of errors committed before reaching criterion and the total time to complete the task on the criterion days were used as the dependent variables. Two-tailed independent samples t tests were utilized for the behavioral tests. Data are represented as mean ± SEM. A p value <0.05 was considered statistically significant.
Results
The body weight, brain weight, brain water content and hematocrit were comparable in the two groups on P56 (Table 1) . The brain iron concentration in the ID group was 44% of the control group on P7 (2.44 ± 0.06 g/g tissue vs. 5.58 ± 0.30 g/g tissue) [t(8) = 7.12, p = 0.0001], but had fully recovered on P56 (Table 1) . Mean ± SEM, n = 10-16 per group for body weight and hematocrit, and n = 5-7 per group for each brain parameter. None of the parameters is significantly different between the groups.
Behavioral performance
The formerly ID rats acquired the win-stay task earlier and more efficiently than the control rats. Specifically, they required fewer days to reach criterion (formerly ID: 13.1 ± 0.9 days vs. control: 16.1 ± 0.9 days) [t(43) = 2.24, p = 0.03] and made 14.5% fewer errors prior to reaching criterion, than the control rats (formerly ID: 74.7 ± 4.4 errors vs. control: 87.4 ± 5.8 errors) [t(43) = 1.79, p = 0.08]. Moreover, there was no difference in terms of the amount of time each rat took to complete the task on the days it met criterion (formerly ID: 102.29 ± 0.13 s vs. control: 104.67 ± 0.29 s) [t(43) = 0.15, p = 0.88]. The lack of timing differences suggests that motivation and sensory-motor systems were equal in both groups and did not account for the performance differences that were observed between the groups.
The average time to reach criteria for the two groups combined was 14.6 ± 0.9 days. In order to characterize the timing of the errors committed in the first 14 days, we divided the period into two epochs; the first 7 and the second 7 days of training. Examining performance during this portion of training allowed us to identify the behavior of most individual animals in both groups, conserve statistical power, and reduce the likelihood for type one error by minimizing the number of comparisons. In order to characterize the type of errors committed in the first 14 days, we subdivided the errors into those due to entering a never baited arm and those due to entering a baited arm for the third time. Overall, errors secondary to entry into never baited arms were more common in both groups.
In the first seven days, despite having relatively similar numbers of total errors (formerly ID: 7.63 ± 0.5 vs. control: 7.17 ± 0.4 errors per trial day) [t(43) = −0.68, p = 0.5, Fig. 1A ], the formerly ID group committed significantly more errors by returning to the baited arm for the third time despite the fact that the cues had been removed (third error entries: formerly ID: 1.41 ± 0.15 vs. control: 1.06 ± 0.12 errors per trial day) [t(43) = −2.02, p = 0.05, Fig. 1B] . Both groups displayed similar numbers of errors due to entries into arms that were never baited (formerly ID: 6.19 ± 0.42 vs. control: 6.11 ± 0.08 errors per trial day) [t(43) = −0.14, p = 0.89, Fig. 1C] .
During the second seven days, the formerly ID group made significantly fewer errors overall than control animals (formerly ID: 3.39 ± 0.3 vs. control: 4.77 ± 0.43 errors per trial day) [t(43) = 2.24, p = 0.03, Fig. 1A ]. This was largely due to a persistently higher rate of never baited arm entries in the control animals (formerly ID: 2.8 ± 0.24 vs. control: 3.8 ± 0.39 errors per trial day) [t(43) = 2.04, p = 0.048, Fig. 1C ]. As seen in Fig. 1C , the frequency of never baited arm errors began to decline in the formerly ID group on day 7 and reached baseline on day 10. In contrast, this decline started later (i.e., on day 8) and continued longer (until day 14) before reaching baseline in the iron sufficient group. Third entry errors during the second 7 days were low in number and similar between the groups (formerly ID: 0.60 ± 0.07 vs. control: 0.74 ± 0.14 errors per trial day) [t(43) = 0.83, p = 0.41, Fig. 1B] . 
Discussion
Young adult rats exposed to iron deficiency during fetal and neonatal life (i.e., beginning shortly following conception and continuing for one week after birth) exhibit accelerated acquisition of a stimulus response task within the context of spatial information. These alterations in learning strategies that persist at least into early adulthood suggest reduced hippocampal functional influence within this group. They also provide evidence that early iron deficiency alters how different learning systems develop and ultimately interact in formerly ID young adult animals in spite of iron treatment beginning in the neonatal period.
We, and others, have previously directly assessed hippocampus-based recognition memory function in formerly ID rats and found significant persistent abnormalities in adulthood (McEchron et al., 2008 (McEchron et al., , 2005 Schmidt et al., 2007; Ben-Shachar et al., 1986; Youdim et al., 1989; Youdim and Topf, 2008; Felt and Lozoff, 1996) . Rather than re-demonstrating such long-term abnormalities by testing the animals on a straightforward hippocampus-dependent spatial recognition memory task, we chose in this study to explore a more complex behavior that assesses the competition between various memory systems since optimal cognitive development and subsequent performance relies on the interactions between memory systems (White and McDonald, 2002) . We reasoned that dampening of one input system (i.e., the hippocampus) results in dominance of another system (i.e., the dorsal striatum), and results in long-term behavioral ramifications from disruption of the balance between these two systems (Lisman and Grace, 2005) .
Previous studies in animals demonstrate that the hippocampal system is preeminent in the processing of distal spatial information (McDonald and White, 1993; Morris et al., 1982) while the dorsal striatum plays a relatively greater role in the processing of proximal cue information (Chorover and Gross, 1963; McDonald and White, 1993) . As such, we hypothesized that hippocampal activation competes with striatal processing subsequently interfering with the rats employing the appropriate stimulus response strategy and resulting in attenuated acquisition of the task. In contrast, within the context of spatial information, formerly ID rats acquired the stimulus response task faster than the control rats. We speculate that the deficits in hippocampus function in those animals (Ben-Shachar et al., 1986; McEchron et al., 2008 McEchron et al., , 2005 Schmidt et al., 2007; Youdim et al., 1989; Youdim and Topf, 2008) , mediated by long-term alterations in hippocampal structure, physiology, and neurochemistry (Georgieff, 2008; Brunette et al., 2010; Jorgenson et al., 2005; Rao et al., 2003 Rao et al., , 2011 , caused formerly ID rats to be less susceptible to hippocampal interference during the task. As a result, formerly ID animals exhibited a more rapid acquisition of the win-stay task than the control group. Of note, the lack of differences in terms of time to complete the maze on the days the rats met criterion suggests that our findings were not merely the result of increased motivation or hyperactivity on the part of the formerly ID animals, but were actually indicative of differences in task acquisition.
These results contrast with those obtained in a previous investigation (Schmidt et al., 2007) . In that study, we found no significant difference between formerly ID animals and controls on a win-stay task. However, the major difference between these two experiments involved the parameters of the task. Although the 2007 investigation used a winstay task with exactly the same dietary manipulation, the same type of proximal cues, and the same criterion for successful task completion, the animals were deprived of extra-maze cues in the testing environment by concealing the maze apparatus behind a black curtain. In contrast, the current procedure provided animals with substantial extra-maze spatial information, which was designed to activate hippocampal processing of the cues and thus compete and potentially interfere with the proximal cue information. We speculate that this additional information, which was not useful for solving the task, resulted in the control animals (i.e., those animals considered to have intact long-term hippocampal function) performing more poorly than the ID group, whose hippocampal function is impaired.
These differences between task acquisition in the current and Schmidt et al. (2007) study provide some additional support for our proposed explanation of decreased hippocampal interference in the formerly ID animals leading to their faster acquisition of the win-stay task. The win-stay procedure used in the previous study (Schmidt et al., 2007) was more typical of procedures used to investigate stimulus-response learning in the win-stay task. That is, depriving the animals of extra maze information from the outset forced the subjects to rely only on proximal or egocentric information in order to perform the task. Under those conditions, the formerly ID and control animals acquired the task in relatively the same manner at essentially the same rate. In the current study, extra-maze or distal spatial information was made available to the animals; however, it could not be used to solve the task. Although it is possible that animals could have relied on spatial information after an initial entry into a baited arm, reliance on extra-maze spatial information continued to be a less direct strategy for solving the task.
The findings that the two groups made different types of errors during different epochs of training was also of interest and supports the concept that the animals were using different strategies supported by differential inputs from brain structures. The finding of significantly more third entry errors in the first half of training by the formerly ID animals suggests that this group behaved as if it had acquired a single, simple strategy learning rule governing the task before the control animals (e.g., do not enter any arm that was not designated by the presence of a cue card). These types of errors would be expected in the first week, and indeed there were virtually no such errors in either group in the second week. The persistence of significantly more never baited arm errors by the control animals during the second half of training is consistent with the hypothesis that control animals tended to initially prefer a strategy relying on distal spatial information whereas formerly ID rats tended to prefer a strategy relying on proximal cue information. Thus, this initial preference by the iron sufficient group resulted in an approximately one-day delay in the onset of reduction of these errors. Moreover, the control group tended to persist with this initial ineffective strategy. Once the reduction in these errors began, it took 4 days longer for the control group to reduce these errors to baseline. This perseverance suggests ongoing interference, possibly driven by hippocampal activity. The fact that these differences in response pattern did not emerge until the second week of training is not surprising given the significant variability in performance and numbers of errors in both groups during the initial portion of training.
The present study has some potential limitations. First, while we speculate that the distal cues were more interfering to the control rats, it is not known to what extent the rats were actually attentive to or distracted by the extramaze stimuli. The differences between the current study and our previous investigation (Schmidt et al., 2007) and the different error patterns between formerly ID and control animals suggest that control rats were more attentive to the extra maze cues for a longer period of time thereby delaying their acquisition of a stimulus response rule. This assertion cannot be completely substantiated by the present data. As such, it may be desirable for future studies to incorporate a probe trial, similar to that of Packard et al. (1989) to assess the rats' attention to distal and proximal cues. Second, the findings presented here are likely not indicative of all models of early iron deficiency. That is, the model of ID in this study purposely parallels the timing and degree of late fetal/early postnatal iron deficiency in human infants (Petry et al., 1992; Rao et al., 2003) . Different models of iron deficiency that vary its timing, degree and duration may well result in different patterns of anatomic, neurochemical, and behavioral findings.
Despite formerly ID animals performing better in the present study, the current findings suggest long-term alterations in the interactions between learning systems induced by perinatal iron deficiency. Further, it is plausible that, within a naturalistic environment, a greater reliance on stimulus response learning would not confer and adaptive advantage. Therefore, the present results add to a considerable body of evidence demonstrating the long-term behavioral and cognitive changes that occur secondary to early iron deficiency, and underscore the importance of prevention, particularly in those populations at greatest risk for this common condition.
